Brachydactyly type A-1 (BDA1) was, in 1903, the first recorded example of a human anomaly with Mendelian autosomal dominant inheritance. Two large families, the affected members of which were radiographed, were recruited in the study we describe here. Two-point linkage analysis for pedigree 1 (maximum LOD score [Z max ] 6.59 at recombination fraction [v] 0.00) and for pedigree 2 ( at ) mapped the locus for BDA1 Z = 5.53 v = 0.00 max in the two families to chromosome 2q. Haplotype analysis of pedigree 1 confined the locus for family 1 within an interval of !8.1 cM flanked by markers D2S2248 and D2S360, which was mapped to chromosome 2q35-q36 on the cytogenetic map. Haplotype analysis of pedigree 2 confined the locus for family 2 within an interval of !28.8 cM flanked by markers GATA30E06 and D2S427, which was localized to chromosome 2q35-q37. The two families had no identical haplotype within the defined region, which suggests that the two families were not related.
Introduction
Inherited brachydactyly was classified by Bell (1951) into five types-A, B, C, D, and E-on the basis of malformation of the digits. Short middle phalanges are the main feature of type A brachydactyly, of which there are several subtypes. Bell recognized types A-1, A-2, and A-3. Brachydactyly type A-1 (BDA1; MIM 112500) is characterized by shortening of the middle phalanges, which may be fused to the distal ones. The trait of type A-1 brachydactyly in humans was the first to be interpreted in terms of Mendelian dominance (Farabee, 1903) . In Bell brachydactyly type A-2, the shortening is confined to the middle phalanx of the index finger, and, in Bell type A-3, it is confined to the middle phalanx of digit 5. McKusick (1975) added types A-4 and A-5. In McKusick type A-4, the middle phalanges of digits 2 and 5 are short, and there is radial clinodactyly of finger 4. In McKusick type A-5, the middle phalanges are missing. Fitch (1979) , after re-examining 44 radiographs of BDA1, made the identification of BDA1 more comprehensive. The hands are broad, with proportionate shortening of all the digits; all the hand bones may be shorter than those in normal hands, but the middle phalanges are the most severely shortened. Fitch gave a manifestation spectrum of BDA1: at one end, all the middle phalanges were missing (McKusick type A-5), and, at the other end, only the phalanges of digits 2 and 5 were shortened (McKusick type A-4). Therefore, in Fitch's classification, McKusick types A-4 and A-5 belong to Bell type A-1.
BDA1 may also be present with other manifestations, such as ankylosis of the thumbs and mental retardation in women (Piussan et al. 1983 ); Slavotinek et al. (1998) found Klippel-Feil anomaly in a Japanese child with BDA1 who carried a balanced reciprocal translocation between 5q11.2 and 17q23.
Despite the presence of a detailed clinical description of BDA1, to our knowledge, no molecular genetic study of this malformation has been performed. However, some progress has been achieved in other subtypes of brachydactyly. Weinstein et al. (1990) detected mutations of the GNAS1 gene on 20q in patients with syndromic forms (Albright hereditary osteodystrophy) of brachydactyly type E. Polinkovsky et al (1997) detected mutations in CDMP1 (cartilage-derived morphogenetic protein 1, a member of the transforming growth factor-b superfamily) on chromosome 12 in unrelated families with BDC.
In this article, we report phenotypes of 33 patients in two unrelated families with BDA1 and linkage mapping of the BDA1 locus to chromosome 2q35-q36. We examined the radiographs of patients in the two large families; we provide evidence that supports Fitch's (1979) description of nonsyndromic BDA1. We suggest that the two families' mutations have a different origin, because they do not share a common haplotype within the same defined interval.
Subjects and Methods

Patients and Family Database
Two large families, one from Hunan Province, China ( fig. 1) , and another from Guizhou Province, China ( fig.  2) , were recruited in this study. Twenty-five of 33 affected individuals were further examined by radiography. Various manifestations of BDA1, as described by Fitch (1979) , were revealed. Nine of the affected individuals (individual 32 of family 1 and individuals 2, 4, 5, 7, 8, 11, 18 , and 23 of family 2) had the proximal phalanges of digit 5 shortened, and four of the affected individuals (individuals 6 and 16 of family 1 and individuals 5 and 7 of family 2) had shortened distal phalanges and shortened metacarpals, traits beyond the manifestations described by Fitch (1979) .
Phenotype
The defects found in the affected individuals in the two families were confined to the hands and feet. The affected members of both families had normal stature and mental status compared with the unaffected family members or the local population.
Family 1 had 18 affected members available for study. The hands of the affected family members were short, with proportionate shortening of all digits, but the defects were mainly confined to the middle phalanges, which led to the lack of distal interphalangeal creases. Fourteen of the affected family members were examined by radiography. X-ray examination revealed an anomaly of hand bones ( fig. 3 ; table 1). Individuals 6, 14, and 20 had all the middle phalanges missing. Other individuals had less-severely affected middle phalanges, with the middle phalanges of digits 2, 4, and 5 missing or fused (individuals 8 and 16), middle phalanges of digits 2 and 5 missing or fused (individuals 23, 26, and 29), or the middle phalange of digit 5 missing (individuals 3, 12, 30, 31, 32, and 36) . All the remaining middle phalanges were severely shortened. All affected adults in this family have metacarpals and proximal phalanges with thin shafts and broad epiphyses; radiographs of three affected children (individual 31, aged 11 years; individual 32, aged 9 years; and individual 36, aged 5 years) did not show such this feature. Clinodactyly of the second, fourth, or third fingers was present in most of the affected members (individuals 3, 8, 16, 18, 20, 23, 26, 29, 30, 31, 32, 36, and 37) . The proximal phalanges of the thumbs were markedly shortened and broadened in most of the affected family members (individuals 3, 12, 14, 16, 20, 23, 26, and 29-32 ). All the manifestations described above are common to other reports reviewed by Fitch (1979) . In addition, however, affected family members had some manifestations beyond Fitch's description. The individual with the most severe manifestation was individual 6, whose middle phalanges were missing; in addition, the distal phalanges of digits 2-5 were severely shortened, as was the third metacarpal of the right hand. The distal phalanges of digits 1, 3, and 5 and the third metacarpal of the left hand were also affected in individual 16. Individual 32 had the proximal phalanges of digit 5 shortened. To our knowledge, the severely shortened distal phalanges, shortened third metacarpals, and shortened proximal phalanges of digit 5 have not yet been reported elsewhere as being associated with BDA1.
Family 2 had 15 affected members available for study. The affected members had phenotypes similar to those of family 1 ( fig. 4) . Eleven of the affected family members were examined by radiography. In most of them (individuals 2, 4, 5, 7, 8, 11, 18, 22, 23, and 24) , the middle phalanges were missing. Only individual 19 had unfused shortened middle phalanges in digits 2, 3, and 4. Like the affected members of family 1, the affected adults also had metacarpals and proximal phalanges with thin shafts and broad epiphyses. Clinodactyly was present in individuals 1, 5, 7, 8, 11, 18, 19, 22, and 23 . The proximal phalanges of the thumb were markedly shortened and broadened in most of the affected family members (individuals 2, 4, 5, 7, 8, 11, 18, 22, 23, and 24) . These manifestations are common features of BDA1 (Fitch 1979) . Like family 1, family 2 also had affected individuals who had shortened distal phalanges and shortened metacarpals. Individual 5 was the most severely affected individual in this family. In individual 5, the middle phalanges were missing or fused, the distal phalanges were severely shortened, and severe clinodactyly was present in finger 4. The third and the fifth metacarpals were shortened, and thus finger 4 was the longest finger. Another severely affected individual, individual 7, had the middle phalanges missing, and some of the distal phalanges were severely shortened. Individuals 2, 4, 5, 7, 8, 11, 18 , and 23 had shortened and malformed proximal phalanges of digit 5. Table 1 summarizes the phenotype variability of the two families.
Genotyping and Linkage Analysis
Samples of peripheral blood DNA were taken from all available family members, and DNA was isolated by means of standard procedure. A slightly modified Weber screening set (Sheffield et al. 1995) of 380 polymorphic microsatellite markers was recruited in the genome scan. In the denser mapping of the critical chromosomal region, marker maps from Généthon (Dib et al. 1996) and the Cooperative Human Linkage Center were used.
Figure 1
Pedigree of BDA1 family 1 showing haplotypes for the polymorphic markers in the region of 2q32-q37. Marker order was determined from the Généthon sex-averaged genetic map, the CHLC sex-averaged genetic map, and the Genome Database. Open symbols indicate unaffected individuals, blackened symbols indicate affected individuals, squares indicate men, and circles indicate women. Boxed markers are the 20 contiguous-marker disease-linked haplotype or part of the haplotype.
Figure 2
Pedigree of BDA1 family 2 showing haplotypes for the polymorphic markers in the region of 2q32-q37. Marker order was determined from the Généthon sex-averaged genetic map, the CHLC sex-averaged genetic map, and the Genome Database. Symbols are as indicated in the legend to figure 1. Boxed markers are the 20 contiguous-marker disease-linked haplotype or part of the haplotype.
Figure 3
Finger and toe features of family 1. The pictures provide the numbers of the individuals. Anomalies were mainly confined to the middle phalanges. In some affected individuals, all the middle phalanges were missing or fused to the distal ones (e.g., individuals 6 and 20). In some affected family members, one to three fingers had middle phalanges missing or fused (e.g., individual 30 had the middle phalanges of digit 5 missing; individual 23 had the middle phalanges of digits 2 and 5 missing; and individuals 8 and 16 had the middle phalanges of digits 2, 4, and 5 missing). The proximal phalanges of the thumbs were markedly shortened and broadened in most of the affected members (e.g., individuals 16, 20, 23, 30, and 31) . All affected adults in this family had the feature of thin shafts and broad epiphyses of metacarpals and proximal phalanges, but affected children did not have such a feature (e.g., individual 31, 11 years old; and individual 36, 5 years old). The clinodactyly of the second, fourth, or third fingers was present in most of the affected family members (e.g., individuals 8, 16, 23, 30, 31, and 36 ). All the manifestations described above are common to other reports reviewed by Fitch (1979) . The distal phalanges and metacarpals were also shortened in two of the affected family members: individual 6 and individual 16. Individual 6 had very short distal phalanges in digits 2, 3, 4, and 5 and had a shortened metacarpal 3 of the right hand. Individual 16 had short distal phalanges in digits 1, 3, and 5 and a short third metacarpal of the left hand. 
NOTE.-A plus sign (ϩ) indicates presence, a minus sign (Ϫ) indicates absence, and a question mark (?) indicates that presence or absence of the anomaly could not be determined because the individual was too young. Anomalies are numbered, as follows: 1 = all middle phalanges severely shortened; some were fused or missing; 2 = thin shafts and broad epiphyses of metacarpals and proximal phalanges; 3 = clinodactyly; 4 = proximal phalanges of the thumbs shortened and broadened; 5 = third metacarpal, fifth metacarpal, or both shortened; 6 = shortened distal phalanges; 7= proximal phalange of digit 5 shortened and broadened; A = middle phalange of digit 5 missing; B = middle phalange of digits 2 and 5 missing; C = middle phalange of digits 2, 4, and 5 missing; D = all middle phalanges missing; E = radial clinodactyly of fingers 4 and 5; and F = ulnar clinodactyly of fingers 2 and 3. a Individual not examined by radiography.
Most primer sequences were from the Généthon collection (Dib et al. 1996) . The primer sequences and allele sizes of markers D2S1242, D2S279, and D2S1279 were from the Genome Database (D2S1242, GDB 309429; D2S279, GDB 198733; and D2S1279, GDB 315905). We also consulted the Genome Database for cytogenetic maps of markers. All the primers were commercially synthesized. A sequence of 5 -GAGAGAAAGGGAAGGGAG-3 was tagged to the 5 end of the forward primer of each pair of primers. A universal primer, which had the same sequence as the added tag, was fluorescently labeled (Pharmacia). PCRs were performed in a total volume of 10 ml containing 100 ng of genomic DNA, 1.5 mM MgCl 2 , 0.2 mM tagged forward primer, 0.8 mM universal primer, 1.0
Figure 4
Finger and toe features of family 2. The pictures provide the numbers of the individuals. All the affected members had phenotypes similar to those of family 1. In most affected individuals examined by radiography, the middle phalanges were missing (e.g., individuals 5, 7, and 11). Individual 19 had shortened middle phalanges in digits 2, 3, and 4. The proximal phalanges of the thumbs and digit 5 were markedly shortened and broadened in most of the affected members (e.g., individuals 5, 7, and 11). The affected family members also have thin shafts and broad epiphyses of metacarpals and proximal phalanges. The clinodactyly of fingers 5 and 4 was present in some affected individuals (e.g., individual 18 had clinodactyly in finger 5, and individuals 5 and 19 had clinodactyly in finger 4). Most of the affected had the proximal phalanges of digit 5 shortened, broadened, or both (e.g., individuals 5, 7, 11, and 18). Distal phalanges and metacarpals were also shortened in two affected members of this family (e.g., in individual 5, the distal phalanges, metacarpal 3, and metacarpal 5 were shortened; in individual 7, the distal phalanges were severely shortened). mM reverse primer, and 2 U of Taq DNA polymerase (Promega). PCR was performed on a Hybaid OmniGene thermal cycler. The following profile was used for DNA amplification: 95ЊC for 5 min; 35 cycles at 94ЊC for 30 s; 55Њ-57ЊC for 30 s; 72ЊC for 90 s; and 72ЊC for 30 min. PCR products were separated on an automated laser-fluorescence DNA sequencer (ALF Express Pharmacia). The genotype data were processed with the AL-LELELINKS computer program (Pharmacia). Two-point LOD scores were calculated between each marker and the disease locus by use of the MLINK program of the LINKAGE software package (version 5.1; Lathrop et al. 1984) . The brachydactyly was assumed to be a fully penetrant autosomal dominant model. The disease-gene frequency was set at .0001 for LOD score calculations. Equal recombination frequencies were assumed between male and female family members.
Results
Two-Point Linkage Analysis
The 39 individuals we studied from family 1 ( fig. 1 ) were subjected to a genome screen with markers from the Weber screening set. Five adjacent markers on chromosome 2q provided a positive LOD score (D2S1384, GATA30E06, D2S434, D2S1363, and D2S427).
Denser markers between GATA30E06 and D2S434, D2S434 and D2S1363, D2S1363 and D2S427, and two additional markers, D2S2344 and D2S1279 on the distal side of D2S427, are analyzed in pedigree 1. A two-point LOD score for 20 markers on chromosome 2q for pedigree 1 are summarized in table 2. The results indicate that the disease gene is localized to chromosome 2q, with the highest LOD score (Z max ) of 6.59 (recombination fraction [v] 0) at marker D2S377.
The 25 individuals we studied from pedigree 2 ( fig.  2 ) were subjected to genotyping and linkage analysis of the same 20 markers on chromosome 2q that were used in the analysis of pedigree 1. Two-point LOD scores for pedigree 2 are summarized in table 3. The linkage data suggested a locus similar to that suggested for pedigree 1, with ( ) at marker D2S2248. Z = 5.53 v = 0 max
Haplotype Analyis
We constructed haplotypes of the two pedigrees with the computer program Cyrillic (version 2.0; Cherwell Scientific). The markers listed in tables 1 and 2 were used, and the haplotypes were checked by view inspection.
In pedigree 1 ( fig. 1 ), the disease-linked haplotype seen in affected individuals 3, 6, 12, 14, 16, 18, 20, 26, 28, 29, 30, 36 , and 37 represents the ancestral haplotype. Recombination events were found in five affected individuals (individuals 8, 22, 23, 31, and 32) and two unaffected individuals (individuals 25 and 35). Recombination events in individuals 22, 23, and 35 in pedigree 1 indicated that the locus for BDA1 was probably within an interval of !8.1 cM flanked by markers D2S2248 and D2S360, which were localized to chromosome 2q35-q36 ( fig. 5 ).
Figure 5
Haplotype analysis of pedigree 1 and pedigree 2, illustrating recombination events between the disease locus and chromosome 2q markers. Note that the genetic distances between markers are not shown. Pedigree 1 shows parts of the haplotype inherited from the founder (trellised bars together with blackened bars); note the region that had been confined as the disease locus region for family 1 that cosegregated with the BDA1 (blackened bars). Pedigree 2 shows parts of the haplotype inherited from the founder of family 2 (dotted bars together with hatched bars); note the region that had been confined as the disease locus region for family 2 (hatched bars). The two pedigrees do not share a common haplotype within the defined region. The cytogenetic positions of markers are from the Genome Database.
In pedigree 2 ( fig. 2) , the disease-linked haplotype in affected individuals (individuals 1, 2, 4, 5, 7, 11, 13, 18, 24, and 26) represented the ancestral haplotype. Five affected individuals (individuals 8, 19, 22, 23, and 25) and one unaffected individual (individual 10) were found to have recombination events. The haplotype analysis of pedigree 2 suggested a locus within an interval of 28.8 cM flanked by markers GATA30E06 and D2S427, which were mapped to chromosome 2q35-q37.
Discussion
Both families described in this paper have features of BDA1 that are similar to those reported elsewhere in other populations (reviewed by Fitch 1979). Common to all BDA1 families are the shortening of middle phalanges (which may be fused to the distal ones or may be absent); the thin shafts and broad epiphyses of metacarpals and proximal phalanges; and, in some cases, either the shortened proximal phalanges of the thumbs and radial clinodactyly of fingers 4 and 5, the ulnar clinodactyly of fingers 2 and 3, or both.
The two families had physical manifestations beyond those described of BDA1 by Fitch (1979) . Individuals 6 and 16 of family 1 and individuals 5 and 7 of family 2 had severely shortened distal phalanges and shortened third metacarpals, fifth metacarpals, or both. Individual 32 in family 1 and most affected individuals in family 2 had the proximal phalanges of digit 5 shortened, broadened, or both ( figs. 3 and 4) .
We classify the manifestations of the affected individuals of the two families into seven items (table 1) . The first six items exist in both families; the seventh exists only in family 2, suggesting that the affected members of the two families have very similar phenotypes. The first two items exist in all the affected individuals, and the other items are not always present. This leads to variability of symptoms among the affected family members (table 1; figs. 3 and 4).
We have mapped BDA1 to the locus within chromosome 2q35-q37 because strong linkage was observed between the BDA1 locus and markers on chromosome 2q35-q37 (tables 2 and 3). The two families have similar manifestations, and the haplotypes of the disease chromosomes in each family cover the same contiguous markers ( fig. 5 ). We deduce that the two families may have the same disease-causing gene, but the diseasecausing mutations in the two families might originate from different ancestors, since they do not share a common haplotype.
The recombination events in individuals 22, 23, and (Hoth et al. 1993; Tassabehji et al. 1995) , and individuals with craniofacial-deafness-hand syndrome have hypoplasia in the nasal bones and maxilla (Asher et al. 1996) . The mouse Pax3 gene is expressed in many structures, including limb budding in early developing mouse embryos (Mouse Genome Informatics), so it is likely that some kind of mutations in PAX3 can cause BDA1.
Homeobox (HOX) genes comprise a diverse multigene family encoding transcription factors that may control the pattern formation (timing and local growth rate) during early development. The structures and functions have been conserved through animal evolution. The expansions of polyalanine stretch in the aminoterminal region of HOXD13 cause synpolydactyly (Muragaki et al. 1996; Goodman et al. 1997) . It is reported that HOXA13 and HOXD13 play a crucial role in early limb development (Fromental-Ramain et al. 1996; Heraultet al. 1999 ).
